Herein is the first reported conceptual density functional theory (DFT) investigation of the purine alkaloid theacrine and the comparison of quantum chemical properties to the closely related stimulant caffeine. DFT global chemical reactivity descriptors (chemical hardness/softness, chemical potential/electronegativity, and electrophilicity) and local reactivity descriptors (Fukui functions and dual descriptor) were calculated for both compounds using Spartan '16 software. All calculations were carried out at the B3LYP/6-31G* level of theory. Reactivity analysis of the Fukui dual descriptor calculations reveals sites of nucleophilic and electrophilic attack. The results provide a solid chemical foundation for understanding how theacrine interacts with cellular systems.
Introduction
Caffeine and other dietary supplements advertised to increase energy and alertness are widely used by the general population as well as those involved in physically and cognitively demanding tasks [1] [2] [3] . Caffeine is consumed by 89% of adults in the US [4] , and 85% of the US population consumes at least one caffeinated drink per day [5] . As an ergogenic aid, caffeine is used by athletes, military personnel, and others who seek improved physical and mental performance [1] [3] [6] . Caffeine is widely available, commonly found both naturally occurring and as an additive in foods, drinks and dietary supplements. Pharmacological studies show the mechanism of action as an adenosine blocker in the brain resulting in inhibitory effects to the CNS [7] . Since caffeine has a similar struc-ture to adenosine, a hormone that has sleep-promoting effects, caffeine has the potential to bind to adenosine receptor sites, thus preventing adenosine reuptake that triggers tiredness [7] . The result is increased alertness and enhanced ability to maintain attention.
More recently, supplements containing theacrine, a purine alkaloid found naturally in the leaves of the Camellia Kucha plant, has gained popularity among those seeking to increase energy and to improve focus, concentration, and mood. Though not as extensively studied as caffeine, early evidence does support the efficacy of theacrine-containing supplements in improving subjective measures related to energy, mood, and fatigue reduction [8] [9] . Safety data with theacrine supplementation indicates when taken as directed, the compound is safe and not shown to adversely affect physiological indicators such as heart rate, blood pressure, rate pressure product, or other clinical safety measures [9] [10].
Theacrine-containing products are widely available, revealing the growing popularity of this dietary supplement. Given the widespread use of caffeine and other energy supplements, it is likely theacrine will continue to gain in popularity.
Density Functional Theory (DFT) enables scientists to elucidate valuable descriptions of chemical reactivity, molecular structure, vibrational frequencies, and the energetics of chemical reactions [11] [12] [13] [14] [15] . DFT has produced powerful tools for the study of organic reactivity via the use of theoretical reactivity indices on a global and local scale. DFT is widely utilized by researchers in chemistry, physics and materials science due to the development of accurate density functionals.
Previous DFT studies on caffeine have yielded valuable insights into its chemical reactivity [16] [17] but no such studies have been performed on theacrine.
The goal of this computational analysis is to investigate the electronic properties of theacrine to predict its relative stability and reactivity compared to caffeine.
Materials and Methods

Computational Details
Quantum chemical calculations were performed using Spartan '16 computational software on a Macintosh computer. Geometry optimization and single point energy calculations were carried out at the B3LYP/6-31G* level of theory and verified by the absence of any imaginary frequencies.
Global Quantum Chemical Descriptors
Electronic Chemical Potential (μ) and Mulliken Electronegativity
( ) The electronic chemical potential (μ) of a molecule is the change in energy with respect to the number of electrons (N) at a fixed external potential ν(r) [18] [19] .
This represents the tendency of electrons to escape from an atom or molecule. 
where IP represents the first ionization potential and EA represents the electron affinity of an atom or molecule. The Koopman theorem [20] and Kohn-Sham formalism [12] show that the ionization potential (IP) can be approximated by the energy of the highest occupied molecular orbital (−E HOMO ) and the electron affinity (EA) can be approximated by the energy of the lowest unoccupied mo-
Given that electronegativity (χ) is characterized as the tendency of an atom to attract electrons, it can be written as the negative of the chemical potential (μ):
Chemical Hardness (η) and Softness (S)
The hard and soft acids and bases (HSAB) principle presented by Pearson [21] [22] [23] states that Lewis acids can be classified as either hard or soft [24] and 
Using the finite difference approximation and substituting the ionization potential (IP) for −E HOMO and electron affinity (EA) for −E LUMO , the chemical hardness can be expressed as:
Chemical softness (S) is the reciprocal of chemical hardness (η):
Electrophilicity Index (ω)
Maynard [25] and Parr [26] defined the electrophilicity index (ω) to represent the tendency of an electrophile to acquire more electron density (chemical potential) divided by the resistance to exchange electron density with the environment (chemical hardness 
Local Quantum Chemical Descriptors Fukui Functions and Dual Descriptor
The Fukui function f(r) represents the change in electron density at point r with respect to the change in the number of electrons N at a fixed external potential ν(r) [27] : 
represents an atom k of a molecule that is nucleophilic and
A condensed form is represented by:
Results and Discussion
Full unconstrained molecular geometry optimizations of theacrine and caffeine were carried out using Wavefunction Spartan '16 software [33] using the exchange correlation functional by Becke [34] with gradient-corrected correlation provided by Lee, Yang and Parr [35] with the 6-31G* basis set. This DFT method was chosen since it is fast, less computationally intensive, takes electron correlation into account, and provides accuracy in reproducing experimental data [36] . Figure 1 depicts the optimized molecular structures of the most stable forms of theacrine and caffeine. Optimized geometries were confirmed by vibrational analysis calculations and characterized as minima in their potential energy Figure 2 . Analysis of the frontier molecular orbitals provides valuable information regarding nodal patterns and individual atom contributions. Extended conjugation in the HOMO of caffeine with C1, C2, C4 and N4 is observed compared to the more localized conjugation of the HOMO of theacrine with C1, C2 and C4. This is rationalized by resonance of N4 with the adjacent carbonyl group. This localization may be a factor in the Fukui dual descriptor results which predict the reactive sites of each molecule. The HOMO-LUMO energy gap for theacrine is 4.73 eV compared to 5.12 eV for caffeine. Table 1 shows the global chemical reactivity descriptors. Theacrine has an electronic chemical potential (μ) of −3.10 eV compared to −3.41 eV in caffeine which shows that electrons will have a greater escaping tendency in theacrine, thus indicating theacrine to be a more reactive and less stable molecule compared to caffeine. Chemical hardness (η) is also associated with the stability and reactivity of a molecule since it measures the resistance to change in the electron distribution or charge transfer. Theacrine is less hard and thus more reactive than caffeine.
Chemical softness (S) is the measure of how readily the molecule exchanges electron density with the environment. Since theacrine is softer than caffeine, it has more ability to react. But another factor to consider is the higher electrophilicity (ω) value for caffeine compared to theacrine which means that caffeine has a greater propensity to accept electrons and is thus a stronger electrophile.
The partition coefficient of a compound is a widely used metric for determining lipophilicity, which is useful for identifying compounds which may have similar likeness to drugs and possible interaction with biological macromolecules such as receptors and enzymes [37] . Lipophilicity is an important physicochemical property of a potential drug since it affects solubility, absorption, membrane penetration, distribution, and excretion. The partition coefficient is the quotient of the concentration of the compound in a lipophilic solvent (typically 1-octanol) and the concentration of the compound in water. The logarithm of the partition coefficient is referred to as logP. A positive value for logP means the compound is more lipophilic, whereas a negative value means the compound is more hydrophilic. The data shows that while both compounds are hydrophilic, theacrine hydrophilicity is greater than that of caffeine. This can be rationalized by the extra carbonyl group of theacrine. , and C2. All three of these atoms are involved in the conjugated system with the C1-O1 carbonyl which would be predicted to be susceptible to nucleophilic attack. A major difference in reactivity between theacrine and caffeine is seen at C5, where in caffeine it is predicted to be a site for nucleophilic attack but that is not the case for C5 in theacrine. This is rationalized by the resonance stabilization of the carbonyl carbon in the urea moiety of theacrine.
Conclusion
Theacrine is more reactive than caffeine as judged by electronic chemical potential and chemical hardness and softness. Caffeine, however, was found to be more electrophilic. Theacrine has a more negative logP value which means that it is more hydrophilic. This reduced lipophilicity could result in more difficulty diffusing through cellular membranes and the blood-brain barrier. Fukui dual descriptor analysis shows C4 of both theacrine and caffeine to be the most likely site of electrophilic attack and C1 and C2 of both molecules to be sites of nucleophilic attack. The goal of the study was achieved by uncovering the electronic properties and reactivity metrics of theacrine in comparison to caffeine. Using the data gathered from this study, further analyses, such as molecular docking, can be undertaken to further understand how theacrine interacts with cellular systems.
